To date, a number of potential biomarkers for lung squamous cell cancer (SCC) have been identified; however, sensitive biomarkers are currently lacking to detect early stage SCC due to low sensitivity and specificity. In the present study, we compared the 7 serum proteomic profiles of 11 SCC patients, 7 chronic obstructive pulmonary disease (COPD) patients and 7 healthy smokers as controls to identify potential serum biomarkers associated with SCC and COPD. Two-dimensional difference gel electrophoresis (2D-DIGE) and mass-spectrometric analysis (MS) using an affinity column revealed two candidate proteins, haptoglobin (HP) and apolipoprotein 4, as biomarkers of SCC, and α-1-antichymotrypsin as a marker of COPD. The iTRAQ technique was also used to identify SCC-specific peptides. HP protein expression was significantly higher in SCC patients than in COPD patients. Furthermore, two HP protein peptides showed significantly higher serum levels in SCC patients than in COPD patients. We established novel polyclonal antibodies for the two HP peptides and subsequently a sandwich enzyme-linked immunosorbent assay (ELISA) for the quantification of these specific peptides in patient and control sera. The sensitivity of detection by ELISA of one HP peptide (HP216) was 70% of SCC patients, 40% of COPDs patients and 13% of healthy controls. We also measured CYFRA, a cytokeratin fragment clinically used as an SCC tumor marker, in all the 28 cases and found CYFRA was detected in only seven SCC cases. However, when the measurement of HP216 was combined with that of CYFRA, 100% (10 of 10 patients) of SCC cases were detected. Our proteomic profiling demonstrates that the SCC-specific HP peptide HP216 may potentially be used as a diagnostic biomarker for SCC.
Introduction
Cigarette smoking is a well-known risk factor for the development of certain respiratory diseases, including chronic obstructive pulmonary diseases (COPD), interstitial pulmonary fibrosis and lung cancer (1) . Approximately 20-25% of heavy smokers develop clinically significant COPD while 12-17% of smokers develop lung cancer. Among these smoking-related pulmonary diseases, lung cancer is the leading cause of cancer death in Japan and also worldwide (2) . The odds ratios of lung cancer for Japanese smokers are currently 4.5 for men and 4.2 for females, relative to hospital controls (3) . The most common histological types of smoking-related lung cancer are lung squamous cell cancer (SCC) and small cell carcinoma. Of these, the pathogenesis of SCC is the most complex and incompletely understood. In general, targeted molecular agents developed for lung adenocarcinoma are largely ineffective against lung SCC and the current treatment for advanced SCC patients is still cytotoxic chemotherapy. Unfortunately, modern cytotoxic and targeted molecular agents, such as pemetrexed and bevacizumab, are not recommended for patients with SCC (4, 5) . In addition to smoking being a well-known risk factor for lung cancer, previous findings strongly suggest that COPD is also an important, independent risk factor. For instance, the risk of a lung cancer diagnosis within six months of a COPD diagnosis in patients was reported to be 11-fold greater than in patients without COPD (6) . Low-dose helical CT screenings possess the potential to detect early-stage lung cancer and have demonstrated 20% lower lung cancer mortalities compared to chest X-ray screenings (7) . However, it is still difficult to detect lung cancer in a high-risk population using solely radiographic Identification of haptoglobin peptide as a novel serum biomarker for lung squamous cell carcinoma by serum proteome and peptidome profiling TETSUYA OkANO 1,2* , MASAHIRO SEIkE 1* , HIDEHIkO kURIbAYASHI 1 , examinations. Therefore, the identification of early detection biomarkers for SCC in COPD or heavy smokers is urgently required as this could have a markedly beneficial and clinically significant impact on patient survival. A number of potential biomarkers for SCC have already been identified; however, sensitive biomarkers are presently unavailable to detect early SCC due to their low sensitivity and specificity. Serum SCC antigen and CYFRA, a cytokeratin fragment, are tumor markers widely used for the evaluation of the therapeutic effects of lung cancer treatments, and in the detection of SCC recurrence, but are not considered applicable to the early detection of SCC (8, 9) . In addition, no single biomarker, with high enough sensitivity and specificity for the detection of SCC in COPD or heavy smokers, is likely to be discovered.
In the present study, we compared the serum proteomic profiles from SCC cases, COPD patients and healthy smokers to identify any serum biomarkers associated with smokingrelated pulmonary disease, including SCC and COPD. Serum is a highly complex bodily fluid that contains proteins ranging in concentrations over at nine orders of magnitude (10) . Since high abundance proteins can interfere in the separation and detection of low abundance proteins, an immunoaffinity column was used to deplete highly abundant plasma proteins, and the resulting >2000 protein spots were separated by twodimensional difference gel electrophoresis (2D-DIGE) and mass-spectrometry analysis (MS) (11) . After isobaric tagging for relative and absolute quantification (iTRAQ)-2DLC-MS/ MS experiments (12), we identified candidate proteins as serum biomarkers of SCC by 2D-DIGE and western blot analysis. Using enzyme-linked immunosorbent assay (ELISA), we identified a cancer-associated serum peptide of haptogloblin (HP), haptoglobin 216 (HP 216), as a novel biomarker for SCC.
Materials and methods
Serum samples. The present study was approved by the institutional review boards of the Nippon Medical School Hospital and nippon Medical School Respiratory Care Clinic. All patients provided informed consent. Serum samples for 2D-DIGE and MS analysis were obtained from 11 SCC patients at Nippon Medical School Hospital, and 7 COPD patients and 7 healthy smokers at Nippon Medical School Respiratory Care Clinic, all of whom were <60 years of age. The 25 cases were all male patients or healthy volunteers, with a smoking history of 15 or more pack-years. The first set of serum samples collected consisted of 12 samples and the second set consisted of 13 samples. We also used an additional 23 serum samples, for ELISA, collected from five SCC patients at nippon Medical School Hospital, 10 COPD patients and eight healthy smokers at Nippon Medical School Respiratory Care Clinic, all of whom were <70 years of age. After blood sampling, each serum was immediately separated by centrifugation at 1,500 rpm for 15 min at room temperature. Aliquots of sera were taken and stored at -80˚C until use.
Removal of high-abundance proteins from serum samples and 2D-DIGE. Serum samples were processed using an affinity column (Agilent spin concentrators; Agilent Technologies, Santa Clara, CA, USA), which was expected to selectively remove abundant proteins, including albumin, IgG, IgA, transferrin and HP, from serum samples, according to the manufacturer's instructions. Protein samples were then labeled with cysteine reactive saturation dye (GE Healthcare, Buckinghamshire, Uk). The labeling reaction was performed according to the manufacturer's instructions as previously described (13) . An internal serum control mixture was made by mixing equal portions of three or four healthy control samples. The internal control sample was labeled with Cy3 and patient samples were labeled with Cy5 and 2D-DIGE was performed as previously described (13) (14) (15) (16) . Each labeled protein sample was loaded onto triplicate IPG DryStrip gels (24 cm length; pI values ranging from 4 to 7; GE Healthcare). The equilibrated IPG gels were applied onto 12% polyacrylamide gels (GE Healthcare), and proteins were then separated using an Ettan DALT-six electrophoresis system (GE Healthcare). All gel images were scanned on a Typhoon 9400 Imager (GE Healthcare). Statistics and the quantitation of protein expression were carried out using DeCyder 2-D differential analysis software (GE Healthcare). A paired t-test derived P-value of <0.05 was considered statistically significant.
Mass spectrometry.
To identify proteins corresponding to spots on 2D gels, mass spectrometry was performed. An automated spot recovery robot, the Ettan Spot Picker (GE Healthcare), transferred protein spots from each gel to a 96-well plate. In-gel digestion was then performed as previously described and tryptic peptides were subjected to mass spectrometric analysis (13) (14) (15) (16) . Peptide map fingerprinting (PMF) analysis was performed with ESI-LC/Q-TOF-MS (Waters-Micromass) (LabX Media Group Inc., Midland, On, Canada). Mass spectra were processed using Analyst QS software and a Mascot program. We performed a second Swiss-Prot database search.
Western blot analysis. Protein (10 µg) was separated by gel electrophoresis on 10% gels, transferred to nitrocellulose membranes and detected by immunoblotting using specific antibodies and a chemiluminescence system (GE Healthcare). Antibodies detecting HP, apolipoprotein (APOA4), α-1-antichymotrypsin, (AACT) and fibronection were purchased from Abcam (Cambridge, Uk).
iTRAQ-2DLC-MS/MS.
Protein identification and quantification for iTRAQ-2DLC-MS/MS experiments was carried out using ProteinPilot 2.0 software according to the manufacturer's protocols (Filgen, Inc., nagoya, Japan) (12) . Proteins were labeled with iTRAQ tags as follows: SCC samples with a 116 isobaric tag; and healthy smoker samples with a 114 isobaric tag. A protein sequence search was performed using a Swiss-Prot human database. At least two peptides with 95% confidence were considered for protein identification and results were then exported into Excel for manual data interpretation. Protein quantitation for iTRAQ were carried out using ProteinPilot 2.0 software. One-sample t-test derived P-value of <0.05 was considered statistically significant and shown in Table II .
Establishment of polyclonal antibodies for HP peptides and a HP ELISA.
Customized, rabbit anti-HP peptide antibodies against two peptides were raised (PharmaBio, nagoya, Japan).
Serum samples were eluted from the affinity column, which was expected to selectively remove HP from serum samples (Agilent spin concentrators; Agilent Technologies). Duplicates of 28 sera samples from SCC and COPD patients, and smokers, as well as positive and negative haptoglobin peptide controls, were coated overnight onto a 96-well plate at 4˚C. Each well was washed twice in PBS and blocked with 3% BSA/PBS for 1 h at 37˚C. After washing twice, rabbit anti-HP peptide antibodies (1:1,000 dilution) were added to wells and incubated for 2 h at 37˚C. Subsequently, FITC-labeled goat anti-rabbit IgG antibody was added to the wells for 1 h at 37˚C. Finally, the plate was read at a wavelength of 535 nm on a fluorescence plate reader (Perkin-Elmer, Inc., Waltham, MA, USA).
Immunoradiometric assay for CYFRA. Plasma (80 µl) was analyzed using a commercially available TM-CYFRA 21-1 ELISA kit (DRG Instruments GmbH, Marburg, Germany) according to the manufacturer's recommendations.
Statistical analysis. The set of spot intensities and prior biological information were used in statistical analyses. Data from 2D-DIGE was analyzed by principal component analysis (PCA) using Impressionist software (Genedata AG, basel, Switzerland) (13, 14) . PCA is a multidimensionality-reduction technique used to visualize similarities and differences between samples. It belongs to the class of unsupervised methods.
Results

Identification of proteins in smoking-related pulmonary disease by 2D-DIGE.
We compared serum protein expression profiles of SCC and COPD patients with those of healthy smokers. Serum samples were collected from young adult men (<60 years) with a moderate to heavy smoking habit (>15 pack years) but without comorbidity. An immunoaffinity column was used to remove abundant serum proteins and quantitative protein profiles of samples were subsequently generated by 2D-DIGE. More than 2400 spots were resolved, and computerassisted quantitative analysis was performed. Fig. 1A illustrates a representative Cy5 image unique to SCC patients. To estimate the ability of 2D-DIGE profiling to distinguish between patients based on the types of smokingrelated diseases, PCA was performed using a data set of protein spot profiles. Twelve patients of the first set of serum samples collected were divided into three groups according to patients types (Fig. 1B) . Thirteen patients of the second collected set of serum samples were also divided into three groups according to patient types (Fig. 1B) . We tried to identify differentially expressed protein spots common to both cohorts. First, we identified 30 serum protein spots that distinguished SCC from COPD patients using the first set. We validated these protein expression levels using an independent, second sample set. Of the 30 spots, we identified 10 SCC serum-specific protein spots with increased intensity when compared with COPD serum in the second set ( Fig. 1A and C) . To more specifically identify those 10 differentially expressed proteins common to both cohorts, peptide mass fingerprinting of tryptic digests was performed by mass spectrometry. A database search successfully identified 10 proteins with expression significantly higher in SCC than in COPD sera (Table I and Fig. 1C; P<0 .05 for all). Three spots were identified as HP protein and a further two were identified as apolipoprotein A-IV (APOA4). We also identified 4 COPD serum-specific protein spots when compared with samples from smokers in both sets of collected sera (Table I and Fig. 1A) . Three of these spots were α-1-antichymotrypsin Table I . The differentially expressed proteins in SCC and COPD. (AACT), whose expression was significantly lower in COPD than in the sera of smokers (P<0.05 for all).
To confirm the degree of change in spot intensity observed by 2D-DIGE, protein samples of the first and second sets, after affinity column treatment to remove abundant serum proteins, including HP, were separated by SDS-PAGE, western blotted and incubated with antibodies against HP. The detection of HP protein bands had not been expected at the start of this study because of the expected removal of all high-abundance proteins, including HP, by the affinity column and this was confirmed in COPD and healthy smoker sera by western blotting. However, the expression of HP was detected in all five SCC patient serum samples, in spite of the removal of highabundance proteins (Fig. 1D) . In addition, high molecular weight isoforms of APOA4, probably due to post-translational modifications, were also found in three of five SCC samples (Fig. 1D) . In COPD cases, the decreased expression of α-1-antichymotrypsin (AACT) was observed by western blotting (Fig. 1E) . These results suggest that HP and APO-A4 may be involved in the carcinogenesis of SCC, and the decreased expression of AACT may contribute to the occurrence of COPD.
Identification, by iTRAQ-2DLC-MS/MS, of peptides whose expression is affected by the smoking-related pulmonary disease.
To further identify specific peptides or proteins with post-translational modifications to distinguish SCC patients from COPD patients, iTRAQ-2DLC-MS/MS was performed. Using pooled serum samples from SCC and COPD patients. A total of 861 proteins were filtered and quantified using manually selected filter exclusion parameters. An additional 2.0-fold change cut-off for all iTRAQ ratios (ratio >2.0 or <0.5) was selected to classify proteins as upregulated or downregulated in SCC. Sixteen proteins were screened from SCC samples, including 12 and 4 proteins upregulated and downregulated in SCC, respectively (P<0.05 for all; error factor [EF] <2; Table II ). notably, HP protein expression was significantly increased by >10.8-fold in the SCC sample (P<0.001). A total of 187 peptides were used for the identification of HP protein (EF=1.25). Among these identified HP peptides, two peptides were located in the N-terminal region of the Hp β-chain, namely, HP60-72 (HP60) and HP216-228 (HP216) (Fig. 2A) , and showed significantly higher serum levels in SCC patients than in COPD patients ( Fig. 2B and C) . A 11.3-fold increase in levels of the HP60 peptide sequence was observed in SCC compared to COPD samples (Fig. 2B) . The HP216 peptide sequence was also increased by 21.3-fold in SCC compared to COPD samples (Fig. 2C) . As for APOA4, protein expression levels between SCC and COPD samples remained unchanged according to the iTRAQ method (results not shown). In addition, specific post-translational modifications, including phosphorylation of APOA4, were not found. These results suggest that two specific HP peptide sequences were candidate serum biomarkers for SCC.
HP peptide ELISA. We next assessed the sensitivity and specificity of these two peptides for SCC diagnosis by receiver operating characteristic (ROC) curve analysis. The cut-off value was set at the point whose distance from the (sensitivity, specificity) = (1,1) reached the minimum (Fig. 3A) . To assess the quantitative reproducibility of these two peptides, we conducted further validation studies by ELISA using 28 serum samples consisting of five available SCC samples from the second set of 2D-DIGE and 23 additional serum samples. We first established novel polyclonal antibodies for HP60 and HP216 and then developed a sandwich ELISA for the quantification of these specific peptides using samples from 10 SCC and 10 COPD patients, and eight healthy control smokers. For HP60, expression levels of the peptide were identical between SCC and healthy control serum samples (data not shown). In contrast, significantly high levels of HP216 peptide were found in sera from SCC patients when compared with those of healthy smoker controls ( Fig. 3B; P<0 .05). The sensitivity of HP216 (cut-off value of 0.13) was 70% (7 of 10) of SCC patients, 40% (4 of 10) of COPD patients and 13% (1 of 8) of smoker controls (Fig. 3B) . These results suggest that HP216 is a novel candidate serum biomarker of SCC patients.
Immunoradiometric assay for CYFRA. We also measured serum CYFRA protein levels, clinically used as SCC tumor marker, in all 28 cases. The sensitivity of CYFRA protein level (cut-off value of 3.0) in serum samples of SCC, and COPD patients, and healthy controls was 70% (7 of 10), 0% (0 of 10) and 0% (0 of 8), respectively (Table III) . Interestingly, the detection of HP216 peptides was positive in three CYFRA false-negative SCC cases (Table IV) . When the detection of HP216 was combined with that of CYFRA, 100% (10 of 10 patients) of SCC cases were detected (Table IV) . These findings suggest that the SCC-specific peptide HP216 may be used as a diagnostic biomarker for SCC. A combination of detecting HP216 with CYFRA protein fragment levels in patient sera may be applicable to diagnose SCC.
Discussion
Smoking history and the existence of COPD are important risk factors for SCC (1, 3) . However, it is not easy to detect SCC in COPD patients and heavy smokers by the existing method of radiographic examination. Targeted molecular therapies, such as epidermal growth factor receptor (EGFR) tyrosinekinase inhibitor (EGFR-TkI) and anaplastic lymphoma kinase (ALk) inhibitor, for lung adenocarcinoma have been developed (17) (18) (19) ; however, SCC shows resistance to standard chemotherapy and targeted molecular therapy (4, 5) . Therefore, serum biomarkers have great potential to facilitate the early detection of SCC in patients with SCC risk factors such as COPD and a smoking history, and for the monitoring of cancer recurrence and treatments in SCC patients, resulting in improvements in the prognosis for this disease.
Chronic tobacco smoking is a major risk factor for the development of COPD, but only a relatively small proportion of smokers actually develop airway obstruction. It is well known that α-1 antitrypsin deficiency (AATD) is a hereditary disorder characterized by low circulating levels of the key antiprotease, α-1 antitrypsin, and is associated with the development of COPD, often by the third or fourth decade (20) . In this study, we found that decreased serum expression of AACT was observed in COPD patients. AACT belongs to the class of serine protease inhibitors and is synthesized in the liver by alveolar macrophages and airway epithelia (21) . Several cases of COPD were reported to be associated with mutations and polymorphisms in the AACT gene (22, 23) . Although the frequency of AATD is relatively low in Japanese patients, as is the case with α-1 antitrypsin, decreased serum expression of AACT in heavy smokers may contribute to the development of COPD in Japanese.
In the present study, we compared the serum protein profiles, using 2D-DIGE/MS and iTRAQ/MS analyses, of SCC, COPD, and healthy smoker cases of identical ages to identify a biomarker for SCC and COPD patients. In general, a relatively small number of ~200-300 protein spots obtained by 2D-DIGE from serum samples have, for a long time, been a major concern (10); employing an affinity column was found to significantly improve the number of protein spots detected to over 2000 spots. The iTRAQ-based approach covered peptide profiling, which could not be done by 2D-DIGE (12) . Based on two independent proteomics techniques followed by ELISA, total HP or HP peptide (HP 216), was identified as a candidate serum biomarker of SCC. Furthermore, SCC was predicted in all ten SCC patients only when using the detection of HP216 combined with CYFRA.
We specifically focused on HP as a biomarker of SCC. HP is classified as an acute phase protein whose serum expression levels increases with inflammation, infection, and several cancers in this study (24) . The major site for HP biosynthesis is the liver and its synthesis is regulated by various inflammatory cytokines, including IL-1, IL-6, TNF-α and TNF-β. Previous studies have demonstrated increases in the serum level of total HP protein and HP fragments, as well as specific HP post-translational modifications, including fucosylation and glycosylation, in lung and colorectal cancer patients (25) (26) (27) (28) . Abnormal HP glycosylation was found to interfere with tumor metastasis (27) , while fucosylated HP was shown to be a novel biomarker for colorectal cancer (28) . In addition, HP has been shown to be an angiogenic factor in sera from patients with vasculitis and cancer. It is likely that the causes of these changes may encompass host-defense and tumor-promoting mechanisms. By processing serum samples after the removal of high-abundance proteins, we finally identified HP216 peptide as a candidate SCC biomarker. Both the origin and function of HP216 are still unknown; however, serum levels of a two-residue longer peptide, HP216-230, were also significantly higher in SCC the patient samples in the present study (data not shown). CYFRA21-1 is a fragment of cytokeratin 19 that has been extensively studied in patients with SCC and has been demonstrated to be clinically useful (9) . These findings suggest the existence of SCC-associated endo-or exopeptidases responsible for cleavage at HP amino acid 216 in SCC patients.
No single biomarker will be able to detect all SCC cases with a high enough specificity and sensitivity. Recent study demonstrated that combination detection of HP and current tumor markers could significantly improve the sensitivity and specificity in diagnosis of lung cancer (29) . Four tumor markers including CEA, NSE, CYFRA as well as HP the combined together could produce a positive detection rate of (29) . In the present study, all SCC cases were detected by the measurement of HP216 combined with CYFRA. A combination of detecting serum HP216 with CYFRA levels may be applicable to diagnose SCC. Taken together, the HP peptide HP216, is a promising cancer biomarker for the early detection of SCC in highrisk lung cancer populations, including COPD patients and heavy smokers. Combined with CYFRA determinations, the measurement of serum HP216 may lead to the earlier detection of SCC in at-risk patients and become a novel diagnostic tool for SCC. A limitation of the study was the relatively small sample size. Further studies will be needed to confirm the significance of HP216 using a large number of subjects and to elucidate the origin and function of the HP peptide.
